Summary: Megamile communications call for the fullest use of advanced modern technology. This paper surveys the design of a deep-space communication system. The basic constraints and capabilities of a low-noise ground receiving system are covered in detail, including antenna temperature contributions from galactic noise, tropospheric and ionospheric attenuation, and earth radiation through antenna side lobes. Low-noise preamplifiers, large high-gain antennas, and narrow-band phase-lock receivers are also considered. Digital biphase modulation, used in Pioneer V, is compared with more sophisticated bi-orthogonal coding systems. Both types of coding systems are compared with error rate as a parameter, with the ideal error-free Shannon limit.
Introduction
This paper reviews the major compromises that arise in the design of, a deep space communications system. Section 2 covers the factors in ground receiving station performance. Graphs are presented for the noise temperature contribution of several sources including the galaxy, radio stars, atmospheric absorption, ionospheric refraction and Faraday rotation, and earth radiation through the antenna sidelobes. Transmission line losses and high-gain antennas are also covered. Section 3 discusses system calculations and digital modulation techniques. Biphase systems are compared with more sophisticated orthogonal systems. Also covered are the principles of a narrowband phase-lock receiver and of a coherent demodulation system for binary bits. Section 4 describes the Pioneer V communication system.
Low-Noise, High-Gain Ground Stations
It is convenient to discuss system performance in terms of a system noise temperature rather than the easily misinterpreted noise figure or noise factor. The system noise temperature is of course the temperature of the input resistive termination of a hypothetical noiseless system which provides the same output noise power as the actual system. Below about 50 Mc/s atmospheric noise is usually the limiting factor. At lower frequencies, the effective antenna temperature (defined below) due to atmospheric noise can easily be 10 3 deg K or higher. Above this frequency, atmospheric noise is negligible and other noise sources become important.
The noise appearing at the antenna terminals originates from a multitude of t Aerospace Corporation, Los Angeles; formerly at Space Technology Laboratories, Inc.
sources. We will attempt to categorize the most important sources. These are galactic noise, star and planetary noise, atmospheric absorption noise, and earth radiation. Man-made noise is not included here. All of these may contribute noise through the antenna main beam or through the sidelobes. In addition, resistive loss in the antenna and transmission line structure introduces noise.
At frequencies above 1 Gc/s (and to a lesser degree below 1 Gc/s) the spatial distribution of noise is not isotropic and the antenna pattern is typically highly directional. In addition, the multitude of sources poses a problem. For example, the antenna may see one noise source partially reflected in the surface of a second noise source, e.g. land or sea. Reciprocity allows us to say that the noise received by the antenna from each direction (through a small solid angle) is proportional to the power absorbed in that direction when the antenna is transmitting, multiplied by the ambient temperature of the absorbing body. This is given by eqn. (1) , where the effective antenna temperature T a due to a source of temperature T s , subtending small solid angle 6l is given. G is the antenna gain averaged over the solid angle 0*.
Typically the antenna main beam and sidelobes are divided up into a number of small solid angle regions, according to the distribution of noise sources. Formula (1) is then used to find the contribution to antenna temperature from each, with gain for each solid angle used in (1) . For a noise source subtending angle 9 S , with 6 S > 6 a where 9 a is the antenna beamwidth, the gain in (1) directivity, given for an ideal antenna as (2) This equation coupled with (1) gives a main beam noise temperature contribution from a source 9 S > 9 a of T = T To this must be added the side lobe contribution if 9 S > 9 a . For the case where 9 S < 9 a and the beam maximum is pointed at the noise source, (2) holds, giving with (1)
The details of how to calculate antenna temperatures for a narrow-beam antenna looking at a multitude of sources have been given by one of the authors. 1 It will suffice here to detail the magnitude and variation of the important constituents so that the boundary of the problem may be delineated. This is of special interest in the selection of an optimum frequency which will be discussed later.
Galactic Noise
Information on cosmic or galactic noise has appeared from many sources. as determined empirically by Hanbury Brown and Hazard. 5 The co-ordinate system is one commonly used by astronomers, with right ascension (hour angle) for the abscissa and declination as the ordinate.
In general, our sun is a small star in one arm of a spiral "pancake" galaxy. Antennas pointed in the direction of the galactic centre see many sources, hence have a high antenna temperature; another peak not quite so large occurs when the antenna looks along the galactic arm. When, however, the antenna looks out of the galactic plane, the noise temperature is very low. The galactic centre and arm can be observed in Fig. 1 
Discrete Sources
Of the discrete body sources, the sun is certainly the "shining" example. Hogg and Mumford 6 have given the noise temperature contribution of the sun for antennas whose beamwidth is not greater than the 0-5 deg plane angle subtended by the sun. Their data are shown in Fig. 2 The numbers indicate observers.
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Ko 7 gives a list of 57 "reliable and intense" radio stars; he also gives flux density vs. frequency data on eleven of the more prominent sources. For example, the data on Cassiopeia A are shown in Fig. 3 . From Ko's data we have prepared Fig. 4 , a plot of the more prominent radio stars, again on a right ascensiondeclination co-ordinate system. The temperatures shown have been computed as the effective noise temperature when observed by the 250-ft parabolic antenna at Jodrell Bank; a 40 % aperture gain factor at 400 Mc/s has been estimated (since the Pioneer V measurements, the instrument has been improved).
For very low noise systems, weaker radio stars as well as planets must be considered. Table 1 shows approximate temperatures for the most important planets.
8 " 11 Equation (1) is also used to calculate planetary contributions to antenna temperature. water vapour, and rain. This noise, due to the attenuating qualities of the atmosphere, should not be confused with the "atmospheric noise"; this latter term is commonly, used to denote low-frequency noise mainly due to lightning. The effects of rain have been indicated by Hogg and Semplak, 12 who observed increases of sky temperature from 3° K to 70° K (120° K during storms) at 6 Gc/s. Atmospheric absorption is computed for the international standard atmosphere, unless more specific data are available; the summer standard atmosphere is shown in Fig. 5 . The actual noise contribution depends upon the absorption coefficient of the atmosphere, upon the actual temperature of the atmosphere, and upon the antenna elevation angle. Data on atmospheric absorption in the lower portion of the microwave region are given by Hogg and Mumford, 6 
'
13 (see Fig. 6 ), while recent results on millimetric absorption have been given by Tolbert and Straiton 14 and by Rosenblum.
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Translated for a low side lobe hoghorn antenna, the attenuation results in the temperature versus frequency curve of Fig. 7 where elevation angle is a parameter. To this effect should be added the ionospheric attenuation, 16 which is shown in Fig. 8 . It will be noted that attenuation in the ionosphere is negligible above about 300 Mc/s, while the tropospheric curves, given earlier, are smaller below that frequency. The reader is cautioned that these data are "typical" and cannot be relied upon for exact values on a specific experiment.
All of these sources contribute principally through the antenna main beam. The side lobes are an important noise source, however, in that side lobes look at such hot sources as the sun and the earth (the earth may not be as hot, but it looks much bigger). Noise temperature is calculated 1 by multiplying the fraction of power contained in each side lobe by the average temperature that the side lobe sees. These temperatures are then added to the main beam contributions. When a side lobe looks at the sun, formula (2) is used. 
Transmission Line Loss
Between the incident electromagnetic wave and the receiver terminal there appear a number of metal structures including the antenna, transmission lines, duplexers, etc. Resistive losses in all of these introduce noise as well as signal attenuation. Very small losses in structures at room temperature can best be handled by adding 7° K for every O.-l dB; losses higher than a few tenths of a decibel should be treated as a four terminal network. When the attenuation ratio (input to output) is called L, the noise temperature at the output of the transmission line is given by the following formula, where T a is the antenna temperature and T L is the ambient temperature. For an antenna temperature of 50° K, for example, 1 dB of loss raises the input temperature to 100° K, resulting in an appreciable degradation in system sensitivity. In addition, the signal itself is attenuated by 1 dB.
Refraction
The effects of tropospheric refraction, which are independent of frequency, are plotted in Fig. 10 . The shaded area shows the variation of the ray-bending by the troposphere under widely varying conditions. In this figure one sees that errors in elevation angle are appreciable only if the elevation angle is very low. The data in this figure summarizes a number of specific calculations on tropospheric refraction. However, the bulk of the data were obtained from Weisbrod and Anderson. 17 Ionospheric refraction is very small for u.h.f. signal rays from ground to outer space, and can be neglected in comparison to the tropospheric effect for frequencies above 100 Mc/s. (However, the refraction cannot be neglected for sources within the ionosphere.)
Faraday Rotation
Faraday rotation of the plane of polarization of radio waves must also be recognized during the design of a space communication system. This rotation phenomenon is caused by an interaction of the earth's magnetic field and free electrons in the ionosphere. Figure 11 shows the number of radians of rotation of incoming radio signals as a function of frequency and of elevation angle, as calculated by Millman. 16 From that figure, we see that rotation experienced is markedly different according to the direction of the magnetic field. Propagation along a magnetic field line of force can cause a rotation of about 15 radians for 378-Mc/s signals at low-elevation angles during the daytime; propagation in a direction perpendicular to magnetic lines of force will cause a rotation of only about 1-0 radian. Night-time effects are about one third of those shown.
The Faraday rotation is important to consider if linearly-polarized antennas are to be used for both transmission and reception of signals from space probes. As the transmission ray moves across the sky, and as the condition of the ionosphere changes, the magnitude of the Faraday effect will change; thus, the receiving signal plane of polarization will change with time. If a linearly-polarized receiving antenna is used for such signals, the receiving antenna plane of polarization must be rotated continually to maintain a strong receiving signal; if this is not done, the signal will fade severely as its plane of polarization becomes perpendicular to that of the receiving antenna. Because continual rotation of a dipole feed on a parabolic antenna is an unattractive requirement, it has become common to use circularly-polarized receiving antenna feeds. Such a feed will have 3 dB less gain than a linear feed for linearly polarized incoming signals; however, the signal amplitude from such a feed will be steady and signal dropouts can be avoided. This effect decreases rapidly with increasing frequency; above 2 Gc/s antennas of the same polarization can be used (if vehicle orientation permits).
Antennas
In considering various components of the system, the interesting question arises of how high a gain is practical in parabolic antennas. Data on the performance of a number of large parabolic antennas were gathered with the interesting result that none of the large group of antenna systems which were investigated has achieved gains above 65 dB. This apparent present limitation on gain appears to be caused by mechanical imperfections in the surface of the parabolic reflector. Some large antennas may have gain restrictions substantially below this limit of 65 dB where mesh rather than solid-surface parabolas are used, or where the structural rigidity is insufficient to preclude elastic deformation as the dish is tilted. A gain limitation due to tropospheric irregularities or "blobs" may be introduced at higher gain levels. 18 Typical aperture gain factors are 50 % for parabolic dish tracking antennas. The directivity G is given by
with D in ft,/in Gc/s, where the constant in parenthesis is to be added to the other quantities expressed in dB. (This shorthand allows visualization of the compact equation, while allowing the constant to be expressed in dB.) Many other types of antennas, e.g. helices and helical arrays, have been used as well as parabolic dishes. The most vital parameter is antenna directivity; as the next section will show, the directivities must be as large as possible. For the critical space-to-earth link, there is a limit on system noise temperature. Greater ranges/data rates require higher vehicle power, higher vehicle antenna effective area, or higher ground antenna effective area. Thus larger and larger ground antennas or arrays of large antennas are to be expected.
Another very practical consideration in the use of high-gain antennas is that of signal acquisition with very fine pencil beam. A parabolic antenna whose gain is 60 dB will have a total beamwidth of 0-14 deg and thus require steering information accurate to 0-07 deg, or roughly 1 mil. Prediction of signal azimuth and elevation to such accuracy is very difficult for most space probes because of uncertainties in trajectory data, and also because the atmospheric refraction may be large compared to such a tolerance. Thus use of very narrow beam antennas poses some difficult operational problems.
System Calculations

Range Equation
The one-way range equation is given by
This formula can be rewritten in a more usable form as
r G&ilW'S dB) Units used are the following:
P t transmitted power in watts G A ground antenna directivity G 2 vehicle antenna directivity B bandwidth in cycles/second T overall system noise temperature,f degrees K / frequency, gigacycles/second R range, nautical miles S/N signal/noise ratio Path loss is a useful concept, and it consists of part of eqn. (8) 
using the units above. Figure 12 has been drawn to show the total path loss, including two antennas, over a distance of one million nautical miles for three types of antenna systems. It can be seen that the loss between two dipoles increases with the square of frequency. The dish antennas have an assumed aperture gain factor of 50% for frequencies up to 3-1 Gc/s where the hypothetical 250 ft antenna has 65 dB directivity. Above this frequency the 250 ft antenna is assumed to have an arbitrary maximum directivity of 65 dB; this accounts for the "corners" in the ideal curves of Fig.  12 . These data emphasize the need for high antenna directivities (large antennas).
t In many formulas for both one-way and two-way range equations, one often sees the noise power kTB replaced by the approximate expression ZCTOBFN where To is 290° K and FN is the system noise figure defined as T F N =1 + =-. Jo The approximation is good only for high-noise systems and becomes very misleading for low-noise systems. The correct result for noise power, of course, is N = ICTOB (FN-1) = kTB. However, it is much simpler to use noise temperature as the antenna and loss contributions are readily available in that form, as are the parameters for low-noise preamplifiers. The antenna gains and noise temperatures have already been discussed. The remaining two items of interest are the choice of frequency and the signal/ noise behaviour. Although the Pioneer V frequencies were chosen on the basis of compatibility with existing systems, it is not inappropriate to discuss the behaviour of system performance with frequency. There are generally three prime considerations. These are the sharp rise in galactic noise below 1 Gc/s (and unacceptable incidence of atmospheric noise below 100 Mc/s), severe atmospheric absorption above 15 Gc/s, and the declining efficiency of both tube and solid-state transmitters as frequency goes towards 10 Gc/s. Beam width of large aperture antennas may be a problem above 2 Gc/s. Thus one may generally state that optimum frequencies for deep space communications lie in the range 1 to 10 Gc/s. Within this range one may derive an optimum region by assuming cost functions for vehicle antenna directivity, vehicle transmitter power, etc. A number of papers have appeared in the literature essentially doing this. Most of these take into account the variation of antenna noise temperature with frequency, and make assumptions about vehicle antenna, vehicle transmitter, ground antenna, etc.
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Most of these studies arrive at an optimum somewhere in the middle of the range mentioned above, but it should be emphasized that the set of assumptions will be different for each case, hence the optimum frequency will also vary. Davies and Weaver 23 have derived optimum performance for a fixed vehicle weight as a function of range and bandwidth. Others have assumed an upper limit to ground antenna gain. 24 " 26 Raisbeck 27 has considered the case where the system attenuation (noise temperature) is a function of frequency. Since the actual choice of frequency is usually dictated by a host of quasi-technical factors such as frequency allocations, many of the above references are of academic interest only.
Another item that is sometimes of importance is the splitting of spectral lines due to satellite spin. An excellent paper by Bolljahn 28 contains the necessary formulas for calculating these effects. This effect, however, does not affect phase coherent two-way systems.
Instead of using the vehicle antenna as a two-port transducer, an attractive scheme uses an active automatic angle return array. In this scheme the Van Atta array, which is an array of cross-connected elements with the interesting property that energy is radiated in the direction of the incident energy, is made active by use of solid state printed circuit amplifiers. The advantages of the active Van Atta system are the realization of two-way antenna gain over + 45 deg without vehicle stabilization, and intrinsic high reliability. The interested reader is referred to the literature for further details. 29 
Modulation Techniques
Since the limited available vehicle transmitter power must be used in the most efficient manner, a digital modulation system such as p.cm. is indicated. 30 One system which offers a good compromise between system complexity and high coding efficiency is biphase p.c.m. wherein the binary coded data (in a nonreturn-to-zero form) are used to alternate the phase of a carrier. Cahn 31 and others 32 have derived error rates for biphase p.c.m. as a function of signal-to- noise ratio. Figure 13 , from Cahn's paper, shows that for ideal coherent detection an error rate of 10 ~2 requires a signal/noise ratio of 4-3 dB, error rate of 10" 3 requires 6-8 dB, and error rate of 10~4 requires 8*4 dB. The ideal coherent detection is approached by a narrow-band phase-lock receiver, suitable for the low bit rate capabilities at megamile ranges. Details of such a system will be described in the next section along with comparison of actual performance with the ideal.t
Discussions of the relative merits of various comparisons have been made by a number of authors including Sanders, 33 Balakrishnan, 34 and Helstrom.
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For narrow-band systems, a useful comparative parameter is signal energy per bit divided by noise spectral density, or ST/(N/B). Two useful ways of utilizing this parameter are to plot it against error probability, and against the bandwidth/information rate ratio, B/H. The latter is usually used for the Shannon ideal capability. It is instructive to compare digital biphase coding and orthogonal coding 36 with the ideal performance of Shannon. Figure 14 
contains these data plotted in terms of ST/(N/B) vs. B/H. The Shannon curve which can be obtained only with ideal coding is
t It is interesting to note that for binary systems which detect bit-by-bit, biphase with coherent detection achieves the optimum capability. This is because one binary datum has a correlation exactly equal to the negative of the correlation of the other binary datum. To achieve higher efficiency, sequences of bits must be detected together.
given by the well-known equation For low error rates, biphase coding lies on a straight line (see Fig. 14) and, as might be expected, lower error rates require more signal energy. Bi-orthogonal systems are also shown in Fig. 14 ; for two cases of 5 and 10 bits per character, these curves were obtained from data calculated by Viterbi.
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The higher efficiency of bi-orthogonal systems may be observed from this figure. A different comparison, also obtained from Viterbi, is shown in Fig. 15 for n = 5, and Fig. 16 for n = 10. These graphs give word error probability against ST/(N/B). It is not possible to make a direct comparison between orthogonal coding and biphase coding as the individual bit errors are "clustered" in the former system, i.e. the errors in a word are not randomly distributed. From Fig. 15 it may be seen that for n = 5 the theoretical advantage of a biorthogonal system is about 3 dB; from the next figure for n = 10, it is about 4 or 5 dB. Thus the orthogonal systems, which require vastly more complicated equipment-both airborne and ground-offer only 3 to 5 dB advantage over coherent biphase coding.
The design of the ground-to-vehicle command link is somewhat less critical in that sufficiently higher ground transmitted power can be used to more than offset the high vehicle receiver noise temperature. If the two links can be made phase coherent (and this is readily done with digital phase modulation systems), the system can be used for the extraction of two-way Doppler data. For deep space probes these data allow exceedingly accurate determination of the vehicle ephemeris. If direct biphase modulation is used, the signal contains no discrete carrier and the phase-lock receiver must create a virtual carrier, usually by frequency doubling both the incoming signal and the phase-lock oscillator. However, the problems that arise when the bit rate is within the frequency passband of the phase-lock servo have not been completely solved. For this reason the current practice is to modulate the digital data in a biphase fashion on a sub-carrier, with the sub-carrier in turn phasemodulating the carrier. This leaves a discrete carrier which allows the carrier phase-lock loop to be simpler. After demodulation of the sub-carrier, a second phaselock loop is used for demodulation of the digital data. The overall system is more reliable at present, but the price paid is the division of energy between carrier and sub-carrier. This has been investigated for several systems by Costas.
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For a sub-carrier phase modulated on a carrier, the spectrum consists of a series of frequencies separated from the carrier fre-338 quency by multiples of the sub-carrier frequency. The relative power in carrier and in each of the sidebands is given by the square of appropriate Bessel functions and is shown in Fig. 17 ; see Sturley.
39 J § represents power in the carrier; 2Ji represents power in the first sideband, etc. In order to utilize the full sub-carrier power, a comb filter is needed to include all the sidebands. For systems utilizing only the first sideband, 2J? gives the relative power level. The choice of modulation index, which governs the distribution of power among the Bessel components, should be such that the carrier phase-lock loop break point is the same as the sub-carrier phase-lock loop break point. This is a function of the desired Doppler tracking speed, data rate, etc. Techniques for implementing a two-way phase coherent system will be described next.
Pioneer V Communication System
The Pioneer V interplanetary space probe was launched on 11th March 1960 from Cape Canaveral, Florida, by a Thor-Able three-stage missile. The 95-pound payload was designed to telemeter back to the earth data on cosmic rays of high and low energy, of magnetic fields (evidently caused by high magnetohydrodynamic currents flowing through space) and The probe was equipped with solar-cell paddles which supplied about 25 watts of power continuously. The communication system of Pioneer V was required to receive commands from the earth, to transmit scientific and vehicle status data back to the earth, and to provide a coherent frequency shift between the received command carrier and the transmitted telemetry carrier. This coherent frequency shift provided very accurate Doppler information by comparison of the ground transmitted and ground received frequencies.
Since the transponder within the payload is basic to an understanding of the system, an illustrative block diagram of the transponder is presented in Fig. 18 . The actual transponder is more complicated, to reduce stray coupling from the voltage-controlled-oscillator to the i.f. strip. In this figure, the received signal from a quarter-wave stub antenna passes through a diplexer which permits the use of a single antenna for transmission and reception. The received signal is then mixed with a reference frequency whose frequency is xf of that of the received signal. The difference frequency, xV F Tec , is amplified and filtered. The output of the i.f. amplifier at tV ^r e c is compared in the phase detector with the output of a voltage-controlledoscillator at the same frequency. The error signal from the phase detector controls the frequency of this voltage-controlled-oscillator, so that once the oscillator frequency has been locked to the output signal of the i.f. amplifier, this lock will be maintained indefinitely. The effective bandwidth of this phaselocked loop is adjusted to be about 200 c/s. The receiver will reliably lock on to incoming signals at about -140 dBm. The voltage-controlled-oscillator frequency is multiplied by 16 to obtain the T f ^Vec frequency which was used in the first mixer of the receiver. With a little thought, it is apparent that the voltage-controlled-oscillator frequency will always be precisely T V F Tec unless the signal level becomes so weak that the phase-lock-loop "slips". The T f F Tec carrier, which is now phase-locked to the received carrier, is phase-modulated by the audio sub-carrier. This 1024 c/s sub-carrier contains the telemetry data through biphase modulation. The carrier modulated with sub-carrier is then amplified in the transmitter and radiated from the vehicle antenna.
Details on the data system have been given by Greenstadt 41 ; it is similar to that of Explorer VI. 25 In this system, called Telebit, digits were transmitted at a steady rate of 64-, 8-, or 1-bit/second. At the beginning of each bit interval, the phase of the 1024-c/s sub-carrier was inverted if a " 1 " was to be transmitted. If a " 0 " was to be transmitted, the phase of the audio sub-carrier remains unchanged. For Pioneer V, the total message length of eight "words" was used. Each word transmitted 10 binary bits of information, but had two additional bits to provide word synchronization pulses for the ground equipment. In addition, one of the eight words always consisted of 12 "zeros" to provide a frame synchronizing signal for the ground equipment. Telebit is a digital telemetry storage and programming unit to prepare data in the format described above. This unit accumulates digital data such as cosmic ray or micrometeorite counts, converts analogue data such as magnetic field strength or temperature to digital form, and then sequentially modulates the transmitter with these data whenever the transmitter is on. Figure 19 shows a photograph of the interior of the payload with the principal components identified.
There were two primary tracking stations on the earth which were in regular daily contact with the Pioneer V space probe. These were the Jodrell Bank radio telescope of the University of Manchester in England, and the Space Technology Laboratories' ground tracking station at South Point, Hawaii. Jodrell Bank is of course equipped with the world's largest (250-ft) radio telescope, and offered the best capability for communicating with the space probe at great distances. The Hawaii station was equipped with a 60-ft parabolic antenna. Except for antenna size, the two stations had identical electronic equipment, described in the following paragraphs.
The command transmitters used were capable of transmitting the 400-Mc/s signal at a 10 kW level. The transmitters employed conventional air-cooled tetrode amplifiers with coaxial-cavity resonators in order that the command signals could have extreme phase stability. Commands were transmitted at a low audio frequency using a peak phase modulation of 0*8 radian. Signals were received on the ground at T f of the 402-Mc/s command frequency or at about 378 Mc/s. The actual transponder which was used in Pioneer V swept its voltage-controlled-oscillator frequency back and forth across a 30-kc/s band continuously, seeking a command signal from the ground stations. When a command signal was received, the saw-tooth frequency search stopped and the receiver locked on to the carrier signal. The ground station had the option of commanding vehicle telemetry rates of 64, 8, or 1 bit/s, at the 5-watt (nominal) level. As soon as the 5-watt transmission had been initiated, the ground station could, at its discretion, turn on the filaments for the 150-watt transmitter in the payload, and then, after a short wait, turn on the anodes of the 150-watt transmitter. The payload could transmit for over an hour at the 5-watt level before the batteries were exhausted and could transmit for about five minutes at the 150-watt level. The payload was normally commanded off at the end of the desired transmission time. However, a low-voltage protective relay was included in the space probe, which turned off the transmitters automatically in any case when the battery voltage level reached its lower limit. (On at least one occasion this relay shut off the transmitter.) 
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Since the system operation required transmission and reception simultaneously (until the payload range had increased to the point that round-trip travel time exceeded transmitter on-time of five minutes at about 27 million nautical miles), a diplexer was provided at each ground station. The received signal was attenuated less than 0-2 dB by this diplexer and was then received by a phase-lock receiver employing a parametric preamplifier whose noise figure was 1-5 dB. The ground receivers, whose design was patterned closely after that of the microlock receivers developed by the Jet Propulsion Laboratory, 42 ' 43 were able to lock on to the signals at a received carrier level of -160 dBm, despite transmitter power on the same antenna feed of +70 dBm. The Able ground receivers contained an interesting device for coherent detection of data bits; a coherently sampled bit filter. This bit filter was gated by a 64, 8, or 1 c/s square wave signal obtained by counting down from an oscillator phase locked with the 1024 c/s sub-carrier. Synchronization of the countdown circuit was performed by adding or dropping cycles of the sub-carrier until the square wave synchronizing signal coincided with the data pulses. This circuit, together with the carrier and sub-carrier phase-lock loops and demodulators, performed as indicated in Fig. 20 . A single point representing over-all performance is also shown in Fig. 13 . It is to be expected that significant improvement will be achieved with subsequent equipment; experience gained with the Pioneer V equipment has been invaluable.
The telemetry information at 1024 c/s was automatically punched on standard five-hole teletype tape. Time information was automatically interlaced with the data on the same tape. At the end of each tracking period, the punched paper tape was fed into a tape reader for automatic transmission of the data back to the Space Navigation Center at Los Angeles.
Within a few hours after launch, the Center was able to predict the azimuth and elevation of the interplanetary space probe much more accurately than these quantities could be measured at the ground stations. These predictions were based on accurate measurements of position and velocity of the space probe at the burnout of the launching vehicle. Each of the stations always positioned its antennas according to the predictions supplied from the Space Navigation Center over leased teletype lines and did not attempt to refine the angular information by angular position measurements. Each station was, however, able to make extremely accurate Doppler measurement because of the coherent frequency translation which was performed within the space probe as described previously. The transmitted and received signal frequencies at a single ground station were compared, after multiplying the transmitted frequency by xf at the ground station, to develop a Doppler signal. A number of observations were made of the Doppler frequency, during each data reception period, by counting the Doppler frequency for 10 seconds at each observation. The stations reported back to Los Angeles the results of each tracking operation, and transmitted all telemetry data automatically to the Space Navigation Center by the use of the same teletype circuits. Corrections to the predicted ephemeris were made from the range rate data. Additional details of the Space Navigation Network have been given by Hansen and Spangler. 44 
Table 2
Able System Calculations, from equation ( Calculations of the expected performance of Pioneer Fand the comparison with actual performance will be of interest. The general system considerations and the appropriate range equation were given in an earlier section; Table 2 These calculations are based on a range of 1 nautical megamile and on a data rate of 1 bit/s. Note that the over-all receiver and coding inefficiency of 7-8 dB is that obtained from Fig. 20 . The system noise temperature constituents are detailed in Table 3 . Table 2 result in a predicted excess signal of 22 dB at 1 megamile. Actual signal strength readings fluctuated considerably, due at least partially to minor equipment performance variations. Figure 21 depicts the predicted and measured performance. Each dot and cross represents actual recorded ground station data. The predicted margin at 1 megamile is close to that observed in Fig. 21 for the Manchester parabolic antenna. In general, signal strengths appeared to be within 2 to 3 dB of predicted values at both Hawaii and Manchester.
The computations were made for the 5-watt (nominal) payload transmitter. The 150-watt payload transmitter was expected to allow communications to 90 megamiles. However, battery degradation allowed this high-power transmitter to be utilized only for very short periods and the communications record was, in fact, set by the 5-watt transmitter. Two-way communications were maintained to a distance of 23 nautical megamiles.
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